The cross sections of blended natural/styrene-butadiene (NSBR) composites filled with different volume fractions of carbon particles were observed using a Quanta 250 scanning electron microscope. In addition, the sizes and distributions of the carbon particles were analyzed using Nano Measurer. A two-dimensional representative volume element model (RVE) for a rubber composite reinforced with circular carbon particles was established, and the uniaxial tensile behaviors of polymer nanocomposites with different particle size distribution patterns were simulated using the ABAQUS software. The results showed the following. (1) For the random models, if the difference of particle size was larger and particle distance was closer, stress distribution would be denser as well as the stress concentration would become greater. However, if the difference of particle size was small, for the case of same particle volume fraction, the particle size has little influence on the macromechanical properties whether the average size is large or small. (2) The correlation between the volume fraction and distribution of the carbon particles revealed that when the volume fraction of carbon black particles was larger than 12%, clusters between carbon particles in the polymer nanocomposites could not be avoided and the modulus of the composites increased with an increase in the cluster number.
Introduction
As a nanoparticle enhancer, carbon black has been widely used to improve the strength and toughness of polymer nanocomposites [1, 2] . The reinforcing effect mainly depends on the size, shape, and dispersion degree of the particles in the matrix, as well as the interface adhesion between the particle and matrix. The mixing process for carbon black-filled rubber includes four stages: mixing, dispersing, blending, and plasticizing. After the mixing process, the carbon black particles are fully mixed and then dispersed to form new polycarbon particles with a size of 0.2 μm. The size of the carbon black particles is changed by the mixing process. The bonding and adsorption degree between the carbon black particles and matrix depend on the new size of the carbon particles [3] . Additionally, because of the limited technological conditions and interaction of the particles' Van der Waals forces, carbon black particles will form a large number of aggregates with the nonuniform structure filler. The shear modulus and elastic modulus of the rubber will be greatly changed according to the differences in the concentration and number of carbon black particles. When the distribution of the carbon black in the composition is bad, the aggregates will increase and the rubber modulus will decrease, which is the Payne effect [4] .
Finite element modeling can be used to explain the mechanical properties of the polymer composites. These models are used to reveal the concrete features of the nanostructure, enhancer-matrix interactions, and debonding on the macro-and microstructure. Because of the complexity of the calculations, finite element modeling provides a geometry-based periodic unit cell model called a representative volume element (RVE) to analyze relatively small volumes and deformations, instead of large deformations and complex boundary conditions. The single particle model [5] [6] [7] and multiparticle model [8, 9] have been widely used to analyze the mechanical behaviors of polymer composites. The particle random model [10] and random sequential adsorption model [11] are often used for particle-filled composites. They can effectively embody the macroscopic mechanical properties but ignore the effect of the real mesostructure particle distribution. The new size of the carbon black particles and the number and size of the aggregates in polymer nanocomposites have a great impact on the mechanical properties of the composites.
In the present work, scanning electron microscope (SEM) observations of natural/styrene-butadiene blend rubber (NSBR) composites filled with different volume fractions of carbon particles were performed, as reported in the next section. The distribution of the carbon black particles and whether they are clustered in the polymer nanocomposites were investigated using Nano Measurer, as discussed in Section 3. Structural Modeling presents the results of a numerical simulation using the ABAQUS software, where the results for different carbon structure RVE models are discussed and compared. At the same time, the mechanical properties of the blends were studied. The final section presents the conclusions.
SEM Analysis
2.1. Rubber Ingredient. In order to investigate the mixing of rubber composites with different carbon black volume fractions, four kinds of specimens were prepared according to the GB528-2009 standard. The ingredients listed in Table 1 show the use of 0, 20, 30, and 50 phr of carbon black in the composites, corresponding to filler volume fractions of 0%, 8.37%, 12.05%, and 18.59%, respectively.
SEM Analysis.
A morphological study was carried out using the Quanta 250 SEM. The test specimens came from the same batch of rubber. First, they were cooled down to the glass transition temperature by liquid nitrogen. They were then cut into two parts with smooth surfaces in the frozen state, and the fracture surface morphological structures were observed after the application of special spray 2 International Journal of Polymer Science gold craft paint. In addition, the shape and morphological distribution of the carbon black and whether defects such as holes or cracks existed were observed. The results of the SEM observations of the four kinds of rubber composites with different carbon black volume fractions are shown in Figure 1 .
As seen in the SEM image in Figure 1 , the two kinds of rubber matrixes, the natural rubber and styrenebutadiene rubber with no carbon black particles filled, are well mixed. The white particles in Figure 1 (V f = 0%) are ZnO, which had an average size of 200 nm. When the filler volume fraction is approximately 8.37%, the added carbon black (N220) is uniformly dispersed and the particle size is consistent, except for the ZnO. When the filler volume fraction is approximately 12.05%, the carbon black particles are uniformly dispersed, while a small amount of carbon black particles is aggregated. When the filler volume fraction is approximately 18.59%, aggregation appears, with most of the aggregates are small clusters or multiparticle agglomerations. This is a result of the increase in the carbon black volume fraction. In order to discuss the effects of the carbon black morphological distribution and shape on the macroscopic mechanical properties of rubber composites, the particle size distribution will be investigated statistically. Figure 2 shows the particle size and distribution of the carbon black particles of NSBR6 found using Nano Measurer. The statistical results for all the particles except clusters are given in Figure 2 (a), with those for the clusters are provided in Figure 2 (b). As shown in Figure 3 and Table 2 , the average particle size of all the carbon black particles in the SEM picture is 75.88 nm and it is composed of 662 different particles. To investigate the influence of different diameters on the structure, different diameters were counted in ten segments with various sizes and numbers in the range of 17.45-182.15 nm. The average particle sizes of the clusters are 250-460 nm. 3 International Journal of Polymer Science the composite were studied by applying periodic boundary conditions to the RVE models. A large number of studies have been effectively performed on the macroscopic properties of composite materials [12] [13] [14] . A 3D model is the best choice for numerical simulations. However, because of computational limitations, the 3D multiparticle RVE model could only converge in a very small strain. Therefore, a 2D RVE model was adopted. Because the area fraction used in the model represented the volume fraction of the composite, the results calculated with the 2D RVE model in ABAQUS deviated from the experimental results. However, the simulation results could be used for a qualitative discussion when the particle size distribution was the same. The size of the RVE elements and the choice of boundary conditions have previously been discussed [9, 15] .
Particle Size and Distribution Statistics

Structural Modeling
During the simulation process, the physical properties of the material, elastic modulus, and Poisson's ratio were related to the ratio L/R, in which L was the side length of the RVE and R was the radius of a particle. In other words, the particle and RVE sizes determined the reliability of the simulation. When L/R was very small, the numerical solution greatly deviated from the test value. In contrast, when L/R was large enough, the solution was more stable. The two-dimensional RVE model is shown in Figure 4 . In order to verify the stability of the model, RVE models with different L/R values were established, with a volume fraction V f of carbon black particles in NSBR of 10%. The equivalent elastic modulus values of the composite materials <E> [5] in the RVE with different L/R values were calculated. Figure 5 shows the equivalent elastic modulus <E> values of the NSBR rubber composites with different L/R ratios at V f = 10%. It was found that when the value of L/R was small, the equivalent elastic modulus had a range of 3.15-3.35. When L/R reached to 25, the equivalent elastic modulus tended to be stable. According to the statistical results, RVE 
Figure 4: Schematic of the 2D RVE model. The periodic boundary conditions must be applied to the RVE model [16] . The nodes on the borders repeat those on the opposite side borders, and the displacements and deformations of the corresponding nodes on two opposite boundaries remain the same. For this purpose, the boundary displacement constraint is considered as follows:
where u A i are the displacement vectors of A i , i = 0,1,2.
Respectively, l 1 , l 2 , l 3 , and l 4 are the borders of x 1 = 0, x 1 = L, x 2 = 0, and x 2 = L, as shown in Figure 4 . The displacement vector of the points in l i are u l i , which satisfy the following conditions:
Modeling. The geometric model of the 2D RVE of the composite material was established according to the statistical results for the carbon black in the NSBR6 rubber presented in Figure 3 and Table 2 . The side length of the RVE L = 2 μm, because the sizes of RVE unit and SEM unit are different; in order to ensure the number of particles is integer, the average diameter of particles is slightly different from that of SEM but make sure that the area fraction is the same and the numerical results are not affected. For the same volume fraction V f = 18 59%, the numbers of particles with different diameters in the RVE are calculated and listed in Table 2 . To improve the convergence and accuracy, the maximum and minimum particle diameters are deleted. The average particle diameter of each segment is set for the different diameters in the RVE, and the ratio L/R ≥ 26.7 for RVE side length L = 2 μm, maximum particle size D = 150 nm, and R = 75 nm. The solution is stable. Two kinds of RVE random adsorption sequence models are shown in Figure 6 . For the random adsorption sequence model of the carbon particle diameter segment, the average particle diameter of each segment is listed in Table 3 . The average diameter of all particles is 75.88 nm, while the number of particles is 168 when the side length of the RVE is L = 2 μm and the volume fraction is 18.59%. The number of particles and mesh generation of the two kinds of models is shown in Table 4 .
The main mechanical parameters used in the model are as follows. Carbon black was supposed to be a linear and elastic material. Its elastic modulus E f = 500 MPa, and Poisson's ratio μ f = 0 3 [5] . The parameters of the experimental data are fitted based on the multistep relaxation stretching cyclic 5 International Journal of Polymer Science loading and unloading test of the NSBR blends at room temperature using the automatic control testing machine of SHI-MADZU AG-plus 50 kN, with the results shown in Figure 7 . The Yeoh constitutive model is adopted for the matrix material, and the material parameters are summarized in Table 5 . The Yeoh strain energy function under uniaxial extension is given by (3). The adaptive grid type is the quadratic complete integral of the plane strain eight-node quadrilateral hybrid unit CPE8H for the matrix and CPE8 for the carbon. Simulated uniaxial tension tests are performed using the periodic boundary conditions.
In order to investigate these different random causes, the same analysis of the different random models was performed for a volume fraction of 18.59%. All of the stress-strain curves of the composites (Figures 8 and 9 ) show that these results are almost coincident and the random error is small. Figures 10(a) and 10(b) show the distribution of the Mises stress isolines with the different particle size random model and same particle size random model in the case of the uniaxial tensile test with displacement x = 2 μm; models are created with four RVEs in the x and y directions in an RVE array. As seen in Figure 9 , the stress isoline at the joint boundary of two adjacent RVEs is continuous and closed in the loading process. In other words, the stress isoline of the boundary in the RVE is continuous, which satisfies the uniform stress in the boundary of the corresponding node of the RVE and conforms to the stress continuity of the periodical structure. Figures 11(a) and 11(b) show the deformations and Mises stress isolines with the different particle size random model and same particle size random model in uniaxial tensile with displacement x = 2 μm. By comparison with Figure 6 , it can be found that the Mises stress distributions of the two kinds of models are not uniform. In the dense particle distribution area, the stress concentration is more obvious and the stress isolines are denser when the particle positions are closer. Because of the different particle sizes, the stress concentration is very serious in the dense region of the large particles. Smaller particles show more diversity in the particle size difference and a smaller stress gradient. In the same particle size random model, the stress isolines are sparse, which indicates that the stress concentration of the different particle size stochastic models is more obvious than that of the same particle size random models. Nominal stress (MPa)
Results.
Nominal strain Figure 9 : Stress-strain curves of different stochastic models with different particle sizes for NSBR6 in case of uniaxial tensile. 6 International Journal of Polymer Science Figure 11 (a) plots the deformation in the uniaxial tensile state. The stress-deformation relationship between the matrix and particles is complex because of the influence of the distance between the particles and the particle size. It is not difficult to find that a series of shear bands [17] is formed when the x direction is in uniaxial tensile. In the continuous shear zone, the stress isolines in the particles and matrix are dense and the maximum stress lies in it. At the same time, when the dense shear zone appears, the stress concentration will also occur here. When the differences in particle size are greater or a close particle has a larger particle size, the stress shear zone will appear, the stress gradient becomes Figure 10 : Distribution of Mises stress in two kinds of RVE models: (a) different particle size random model and (b) same particle size random model. Figure 11 : Deformation and distribution of Mises stress in two kinds of RVE models: (ε = 1) (a) different particle size random model and (b) same particle size random model. 7 International Journal of Polymer Science larger, and the stress concentration is obvious. This indicates that the stress concentration is mainly determined by the differences in the positions and sizes of the particles in the tensile direction and also influenced by the distribution of the particles in the vertical direction.
The deformation is displayed in Figure 11(b) . A similar shear band between the particles is formed, but it is not obvious. This is because there is no difference in particle size. In addition, the maximum stress is 151.3 MPa in the different particle size random model, which is located between two similar large particles in the shear band. However, the maximum stress is 201 MPa in the same particle size random model, which is located between the two nearest particles with x direction distance x = 0 0108 μm. Therefore, it can be concluded that the complex stress-deformation relationship between the matrix and particles mainly depends on the distance between the particles in the stretching direction, the relative position, and the particle size. When the particle distance in the tensile direction is closer, it is easier to form the shear zone in the tensile direction and the larger difference in the particle size will lead to an obvious stress concentration.
The nominal stress-strain curves of the two kinds of models are shown in Figure 12 . The macroscopic stressstrain curves of the different random models are basically coincident in the case with the same numbers of meshes and particles. The results show that the particle size difference for the rubber specimen prepared in this study will not have a great influence on the macroscopic tensile properties, but interfacial debonding occurs between the matrix and carbon particles during the tensile process and the stress concentration has a significant effect on the stress-strain after this interfacial debonding.
Effects of Different Particle Clusters
4.3.1. Modeling. Based on the above analysis, the distance between the particles has a great influence on the stress concentration of the composites. Here, the random sequence adsorption (RSA) algorithm [18] is adopted to discuss the distribution pattern of the particles instead of the ordinary random model in the mesomodel because the RSA ensures that the shortest distance between the particles is ≥0.07R and the convergence of the calculation is faster. Taking into account the spacing of the particles when they aggregate, the spacing between any two particles in the clusters is set to be the shortest distance 0.07R. The average particle size of the clusters is 250-460 nm (Figure 2) , and 19 particles form a cluster. Figure 13 presents the random models of different numbers of clusters. The numbers of clusters and grids of the different cluster models are listed in Table 6 . The tensile behaviors of the filled rubber with different numbers of clusters will be discussed. Figure 14 shows the deformation and von Mises stress isoline (same particle size) of the NSBR6 for a nominal strain ε = 0 4. The von Mises stress contour in Figure 14 shows that the stress concentrations in composites with clusters are more dramatic than that with no clustered particles in uniaxial tensile. The maximum von Mises stress values are different for different numbers of clusters. Specifically, the maximum stress is 47.82 MPa in the RVE model with no clustered particles, and the maximum stress values are 52.58 MPa, 53.94 MPa, 55.97 MPa, 54.61 MPa, 58.56 MPa, and 101.7 MPa in the RVE models with 1, 2, 3, 4, 5, and 6 clusters, respectively. The maximum stress increases with the number of clusters. The contour density of the other particles is much smaller than that of the clusters. At the same time, the stress distribution of particles near the clusters is also affected. The contour distribution of the other particles is narrower when the number of clusters is greater. The stress in the tensile direction of the thin layer rubber matrix between the particles in the clusters is relatively larger, and it is possible for interfacial debonding or cracking to appear. Figure 15 shows the nominal stress-strain curves of NSBR6 with different numbers of clusters. The curves show that the elastic modulus of the filled rubber slightly increases when the number of clusters is greater. Therefore, for the same strain, the nominal stress increases with the number of clusters. For example, at nominal strain ε = 0 4, the nominal stress is 1.026 MPa in the RVE model with no clustered particles and the nominal stress values are 1.035 MPa, 1.048 MPa, 1.093 MPa, 1.128 MPa, 1.133 MPa, and 1.230 MPa in the RVE models with 1, 2, 3, 4, 5, and 6 clusters, respectively. Comparing Figures 13 and 14 , it can be concluded that the macroscopic properties of the composites have a meaningful relationship to whether the particles cluster in the material and to the number of clusters. A significant stress concentration in the composites will cause the material to generate microscopic and macroscopic defects, and the convergence will be reduced. Because the results calculated with the 2D RVE model in ABAQUS were deviated from the experimental results as we discussed before, the simulation results were used for a qualitative discussion. The modulus of the calculated curve increased as the number of clusters increased, and experimental results were more close to those from the 8 International Journal of Polymer Science Figure 13 : Different carbon cluster numbers in same particle size models. 
Result.
Conclusions
The SEM results for NSBR composites showed that the carbon black is dispersed more and more unevenly in the mixing process with an increase in the carbon black content. Therefore, the agglomeration phenomenon cannot be neglected when the carbon black N220 particle volume fraction reaches 12%.
For this reason, a combined statistical-numerical approach was adopted to determine the RVE size. When L /R reaches a certain value, the equivalent elastic modulus tends to be stable. In addition, the stress distribution and stress concentration are related to the size, spacing, and relative positions of particles on the mesoscale. However, there is no difference in the macroscopic stress-strain curve. This is caused by the fact that the material with localized cluster particles loses homogeneity. The simulated results indicated that the elastic modulus of a composite increased slightly when the clusters were taken into account. The macroscopic properties of the composites have a meaningful relationship to the size and amount of the particle clusters. A significant stress concentration would lead to inner defects.
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